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The Practical Influence of Heterogeneity 
on Accelerated Creep in Paper 
Douglas CofSin and Chuck Habeger 
ABSTRACT 
According to theoretical work done by the authors (5,6), sheet heterogeneity can affect 
accelerated creep in paper. Experiments were conducted to see whether these influences 
have any impact on everyday papermaking decisions. We report that papers made from 
furnishes of mixed fiber type do not experience additional accelerated creep, whereas 
sheets formed from plies of different hygroexpansivity exhibit extra accelerated creep. 
An attempt to create fiber microcompressions by Hobart mixer treatment did not change 
the accelerated creep performance. 
Application: 
Papermakers should be aware that multi-ply paperboard products could fail sooner than 
expected under load in cyclic humidity environments. A similar concern is not raised for 
paper made from a blend of different furnishes. 
Accelerated creep is an established phenomenon in wood (l), paper (2), and other 
materials (3,4). Hydrophilic materials generally creep faster at a-high relative humidity 
(RH) than at a low RH. However, under the proper circumstances, creep can be greater 
in an environment that is continually cycled between low and high RH levels than when 
it is held at the high humidity extreme. When this is observed, the material is said to 
experience accelerated creep. Figure 1 presents a typical experiment exhibiting 
accelerated creep in paper. There, we have plotted creep strain versus log time. The 
sample was maintained under tensile load for three hours at 80% RH. Then, keeping the 
load constant, the humidity was cycled at one-hour intervals between 80 and 30% RH. 
Notice that the creep under cyclic conditions is far above the time-projected wet creep 
curve. 
The driving mechanism for accelerated creep is a contentious subject (5). We 
advocate (5,6) a cyclic moisture-induced cyclic stress explanation (3,5,6,7). We 
demonstrate that those materials, which experience accelerated creep, show more creep in 
cyclic load testing than when they are held at a constant, average load. We argue that 
accelerated creep is the result of this nonlinear creep constitutive behavior and the 
localized load cycling produced in cyclic humidity environments. Sorption-induced 
moisture gradients are a likely source of load cycling that is caused by moisture cycling. 
In our view, sheet heterogeneity in response to moisture is another possibility. We 
undertook the experimental work reported below in order to see if “heterogeneity-driven 
accelerated creep” is of practical interest to papermakers. 
To envision the heterogeneity type of accelerated creep, imagine adjacent 
structural elements in the paper that are parallel to the direction of the applied load. If 
these elements have different moisture sensitivities, their stresses will be redistributed 
during sorption, and moisture cycling will lead to out-of-phase load cycling of each 
element and in turn to extra creep. If this extra creep overcompensates for the low creep 
rates at low moisture content, a sample in a cycling moisture environment can creep more 
than another sample held at the highest moisture content (5,6). As an example, consider a 
sheet made of two separate plies under a constant tensile load. Let the hygroexpansion of 
one of the plies be greater than the other ply. As the sheet absorbs moisture, one side 
attempts to expand more than the other. Part of the tensile load is shifted to the less 
hygroexpansive ply. Upon desorption, the reverse occurs: the more moisture sensitive 
ply carries most of the tensile load. During moisture cycling, the loads on each of the 
two plies cycle out-of-phase. This same kind of action might also take place, but on a 
fiber level, if fibers of differing hygroexpansivity are bonded together. Wood fibers 
expand at least an order of magnitude more laterally than axially with the uptake of water 
(8); thus identical fibers aligned crosswise will also cycle their load sharing in a cyclic 
humidity chamber. In a like manner, heterogeneity in the moisture dependence of 
stiffness and creep compliance can also generate load cycling and accelerated creep. 
We just identified three types of heterogeneity (through-sheet heterogeneity, 
fiber-to-fiber heterogeneity, and fiber-level heterogeneity due to fiber anisotropy) as 
candidates for initiating load cycling and accelerated creep. We decided to conduct 
experiments that would shed light on the importance of these mechanisms and on the 
degree that papermakers can influence accelerated creep by altering heterogeneity 
parameters. To do this, we procured furnishes that produced papers which responded 
differently to changing relative humidity. We formed blended sheets and multi-ply sheets 
of furnishes composed of fibers of different hygroexpansivity and compared their 
accelerated creep performance to that of sheets made of a single fiber type. 
We wanted to work with common fibers having significant differences in 
hygroexpansion. Although drying restraint has a major influence on hygroexpansion (9), 
we cannot expect different sections of our samples to have different drying histories; 
therefore, we could not reasonably select drying restraint as a variable for our accelerated 
creep experiments. Hygroexpansion, defined as change in percent length divided by 
change in percent moisture (lo), depends on furnish (11). Mechanical pulps shrink less 
than low yield chemical pulps during drying, and the dimensional stability of mechanical 
pulps does not benefit as much from restrained drying (9). Fully restrain-dried TMP 
sheets are about 10% more hygroexpansive than fully restrained bleach kraft sheets (9). 
In our accelerated creep testing, we are changing relative humidity; therefore, we are 
interested in the change in length induced by changes in relative humidity. Sheets made 
from mechanical pulps have about a 10% greater rate of change in moisture with RH than 
sheets made of chemical pulps. Therefore, we concluded that fully restrained sheets 
formed from mechanical and chemical pulps would be different in their RH-based 
hygroexpansions, and that these differences would be representative of those encountered 
in papermaking. We investigated the influence of through-sheet heterogeneity by testing 
samples made by wet pressing plies of different furnish combinations and then drying 
them under restraint. Fiber-to-fiber heterogeneity was assessed by comparing the 
performances of blended furnishes with those of pure furnishes. 
. 
We have argued (5,6) that the anisotropy in a wood fiber’s response to moisture 
leads to a fiber-level heterogeneity in the sheet that contributes to paper accelerated 
creep. We experimentally address the influence of fiber anisotropy by looking at the 
accelerated creep of sheets made of fibers treated to be less anisotropic. Wood fibers are 
filament-wound structures of crystalline cellulose mircofibrils held together by a lignin- 
hemicellulose matrix. They are stiff and moisture insensitive in the axial direction and 
compliant and hygroexpansive radially. High-consistency mixing curls and 
microcompresses wood fibers (12). The curl, but not the microcompressions, can be 
removed by subsequent low consistency treatment. The microfibrillar structure is 
buckled and folded at the microcompressions. This preferentially reduces axial stiffness 
and increases axial moisture sensitivity. As suggested by Derek Page, we used a Hobart 
kitchen mixer (13) as a means to induce microcompressions and reduce fiber anisotropy. 
SAMPLES 
We chose a newsprint TMP and a bleached softwood kraft pulp as the test 
furnishes for our blend-ply experiments. These furnishes were received as never-dried 
pulps, and we did no refining. After removing the fines, the freenesses were measured as 
721 CSF for the BKS and as 767 CSF for the TMP. Sheets of 60 g/m2 were formed on a 
Noble and Wood S-inch square handsheet mold. The sheets were wet pressed (singly and 
in stacks of four) at a common pressure of 50 psi for 5 minutes. All sheets were restrain- 
dried on a static drum drier. u Single-ply handsheets were made from the TMP furnish 
(sheets A), the BKS furnish (sheets B), and a 50-50 retained-on-the-wire blend of the 
TMP and BKS fibers (sheets AB). The D sheets were formed from the BKS pulp after it 
was processed in the Hobart mixer at 20% consistency for two hours. The pulp was then 
processed in a British Disintegrator at 1.2% consistency to remove curl. Four-ply 
handsheets were formed with TMP plies (sheets AAAA), BKS plies (sheets BBBB), two 
TMP plies in the middle and a BKS ply on each side (sheets BAAB), and two BKS plies 
in the middle and a TMP ply on each side (sheets ABBA). 
We used our variable-humidity creep tester (5,6) to measure hygroexpansion of 
the samples between 30 and 80% RH. We applied a tensile load of 100 grams (400 
grams for four-ply samples). This was large enough to straighten the samples, but it was 
insufficient to cause appreciable elastic or creep strain. The loo-gram load supplies only 
about 5% of the ultimate tensile load of the weakest sample. After conditioning with 
several humidity cycles, we recorded the strain difference between 80 and 30% RH as the 
hygroexpansion. With this technique, the standard deviations in the hygroexpansions 
were about .Ol%. Pertinent average physical properties are provided in Table I. 
Table I 
Physical Properties of Samples 
Sheet Density Basis Tensile Stretch Long. Hygroexpansion 
Type Weight Strength Sonic 30-80% RH 
Modulus 
g/cm2 g/m2 kN/m % km2/s2 % 
A .314 61.9 1.84 16 . 4.98 0.39 
B .317 61.9 0.68 11 3.95 0.32 
1 AB 1 .305 1 59.6 1 1.41 1 2:0 1 4.81 1 0.36 I 
1 D 1 .491 1 60.3 1 1.69 1 2.4 1 6.79 1 0.35 I 
AAAA .332 254 8.41 27 . 5.23 0.34 
BBBB .356 250 3.36 19 . 4.84 0.30 
1 ABBA 1 .333 f 256 1 5.58 1 2.2 1 4.94 1 0.32 I , 
BAAB .347 258 5.81 25 . 4.73 0.33 
ACCELERATED CREEP TESTING 
We did the accelerated creep testing in our controlled-environment, tensile creep 
tester as before (5,6). Samples were mounted in the chamber and equilibrated to 80% 
RH. The tensile load was applied and held for three hours, at which time the RH was 
cycled between 30 and 80% RH at one-hour intervals. The sample lengths were 
monitored, and creep strain was determined as a function of time. We made from two to 
four replications (generally three) of each test and averaged the results. 
Notice that there is a considerable difference in tensile strength between samples. 
In previous testing, we observed that accelerated creep depends on tensile load. 
Accelerated creep measurements could be compared at the same nominal load or at the 
same portion of tensile strength. Each approach has its advantages, so we decided, in all 
cases, to do it both ways. 
The accelerated creep numbers for A, B, and AB at 25% of the sample’s 50% RH 
tensile strength and at 25% of the 50% RH strength of sample B are presented in Table II. 
The standard deviations are listed in parentheses. We define accelerated creep as the 
ratio of the creep versus log time slope taken after and before humidity cycling begins 
(see Figure 1). 
Table II 
Blend Accelerated Creep Results 
Sheet Type 
A 
Accelerated Creep at 25% of Accelerated Creep at 25% of 
Sample’ s Tensile Strength Sample B’s Tensile Strength 
5.16 (.3) 8.30 (.4) 
B 4.48 (.l) 4.48 (.l) 
AB 4.61 (.l) 6.00 (.3) 
.  ”  
.  
As in the blend testing, we made multi-ply accelerated creep comparisons at the 
same load and at the same portion of tensile strength. This time, we did equal-load 
testing at two levels: 25% and 35% of the tensile strength of BBBB at 50% RH. The 
results are listed in Table III. 
Table III 
Multi-ply Accelerated Creep Results 
Sheet Accelerated Creep at Accelerated Creep at Accelerated Creep at 
Type 25% of sample’s 25% of sample BBBB’s 35% of sample BBBB’s 
tensile strength tensile strength tensile strength 
AAAA (3.79 (.l) 4.21 (.l) 5.21 (.l) 
BBBB 3.89 (.l) 3.89 (.l) 3.26 
ABBA 4.51 (.2) 5.24 (.l) 4.12 
BAAB 4.17 (.2) 4.62 (.l) 4.30 
The comparisons between accelerated creep with and without treatment in the Hobart 
mixer follow as Table IV. 
Table IV 
Treated Accelerated Creep Results 
-~ 
Sheet Type Accelerated Creep at 25% Accelerated Creep at 25% 
of sample’s tensile strength of B’s tensile strength 
B 4.48 (.l) 4.48 (.l) 
D 3.71 (.l) 4.51 (.2) 
We adopted the ratio of the log time creep slopes as our parameter to quantify 
accelerated creep (4,5,6) before we seriously began comparing the values of different 
samples. In truth, this decision is arbitrary and warrants reconsideration. First let us look 
more closely at the present method. Figure 1 is a representative accelerated creep plot. It 
is our custom to quantify accelerated creep as the ratio of the slope of the line tangent to 
the local maximums of the cyclic creep curve to the slope of the constant humidity creep 
curve in the early part of the experiment. Notice that the construction in the cyclic 
humidity portion of the experiment forms an almost straight line, whereas the slope of the 
creep in the initial high-humidity regime is not constant. That is, at these levels of loads 
and humidity cycling, creep is log linear under cyclic humidity, but it is not in the initial 
wet state. Therefore, the process of slope determination is not obvious for the wet state. 
We have arbitrarily taken it as the tangent to the creep line just prior to the beginning of 
humidity cycling. Other materials, such as Kevlar fibers (4,5,6), show log time linear 
creep in both regimes, and this determination of accelerated creep is more consistent. 
At relatively small loads and short times, creep in paper follows the power law; it 
only becomes log linear at long times or high loads (14) or, as we have demonstrated, 
. . 
under cyclic humidity. Power law creep forms a straight line when log creep is plotted 
versus log time. The same data as in Figure 1 is plotted in Figure 2; however, the 
logarithm of creep strain is now on the y-axis. This time, things are reversed: the wet- 
state creep is linear, whereas the cyclic humidity portion is not linear. We could have just 
as logically used the log-log plot to define accelerated creep. For paper, we see no 
overwhelming reason to prefer one method above the other. 
Notice, from Figure 1 or Figure 2, that a significant portion of the extra elongation 
induced by moisture cycling comes during the first rewetting cycle. Both of these 
accelerated creep calculations ignore this part of the creep. They take the cyclic humidity 
slope between peaks, after the first rewetting. This is arguably inappropriate. For paper, 
creep rates fall as creep increases. A sample that has a large response upon first 
rewetting will have a smaller subsequent creep rate. A calculation that doesn’t take this 
into account could misrepresent relative accelerated creep rates. A third alternative is to 
use the slope of the line between the beginning and the end of the cyclic humidity strain 
of the log-log plot as the numerator in the accelerated creep calculation (see Figure 2). 
This slope clearly depends on the length of the test. However, it does account for all the 
first rewetting creep, and we used a common humidity cycling history for all tests. 
The alternative accelerated creep calculations follow in the tables below. Tables 
with “a” designation result from the slopes on the log-log plots. Those with “b” 
- designations use the full creep slope in the numerator. 
Table 11-a 
Blend Accelerated Creep Results 
log-log plot 
Sheet Type Accelerated Creep at 25% of Accelerated Creep at 25% of 
A 
Sample’s Tensile Strength 
1.50 
Sample B’s Tensile Strength 
1.55 
I  
B 1.45 1.45 
AB 1.55 1.51 
Table II-b 
Blend Accelerated Creep Results 
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Multi-ply Accelerated Creep Results 
log-log plot 
Sheet Accelerated Creep at Accelerated Creep at Accelerated Creep at 
Type 25% of sample’s 25% of sample BBBB’s 35% of sample BBBB’s 
tensile strength tensile strength tensile strength 
AAAA 1.56 1.18 1.24 
1 BBBB 1 1.40 I 1.40 I 1.51 I 
ABBA 1.40 1.44 1.50 






Multi-ply Accelerated Creep Results 
full log-log plot 
Accelerated Creep at Accelerated Creep at Accelerated Creep at 
25% of sample’s 25% of sample BBBB’s 35% of sample BBBB’s 
tensile strength tensile strength tensile strength 
1.85 1.96 2.03 
2.13 2.13 2.08 
2.07 2.34 2.27 
2.38 3.44 2.38 
Table IV-a 
Treated Accelerated Creep Results 
log-log plot 
Sheet Type Accelerated Creep at 25% Accelerated Creep at 25% 
of sample’s tensile strength of B’s tensile strength 
B 1.45 1.45 
D I 1.61 1.31 
Table IV-b 
Treated Accelerated Creep Results 
full log-log plot 
Sheet Type 
B 
Accelerated Creep at 25% 
of sample’s tensile strength 
2.26 
Accelerated Creep at 25% 
of B’s tensile strength 
2.26 
I D I 2.21 I 2.31 I 
Notice that comparisons of accelerated creep rates are not consistent between 
methods. We are therefore left in a predicament since the choice of method is at the 
discretion of the analyst. 
DISCUSSION 
We did achieve (see Table I.) a moderately higher hygroexpansion in the TMP 
(A) sheets than in the bleached kraft softwood (B) sheets. This gave the hoped-for 
opportunity to assess the role of moisture sensitivity heterogeneity in accelerated creep. 
We associate accelerated creep with load cycling that is driven by humidity cycling. All 
other things being equal, we expect the more hygroexpansive sheet to exhibit more 
accelerated creep. There are six (three methods at two loads) different comparisons 
between accelerated creep of the A samples and the B samples. In all cases, the A 
samples exhibited more accelerated creep. The average ratio of A to B accelerated creep 
is 1.23 with a standard deviation of 0.28. We can very roughly assert that A is 25% more 
prone to accelerated creep than is B. 
In every comparison, but one, the accelerated creep numbers for the TMP-BKS 
blend sheets were intermediate between the pure TMP and pure BKS. The average of 
AB accelerated creep divided by the mean of the A and the B accelerated creep is 0.99 
with a standard deviation of 0.04. Clearly, heterogeneity due to fiber type is not 
producing a noticeable influence on accelerated creep. This observation supports the 
premise that the major part of the influence (if any) of fiber level heterogeneity on cyclic 
moisture induced load cycling comes from fiber anisotropy rather than from fiber variety. 
The axial to radial difference in fiber properties dwarfs the difference between fibers. 
Therefore, we should not expect the overall level of load cycling to be significantly 
increased by the introduction of relatively small fiber-to-fiber differences. 
The construction of through-sheet heterogeneity by wet pressing TMP and BKS 
sheets together did influence accelerated creep. In all, but one, of the nine (three methods 
at three loads) cases, the mixed-ply sheets had greater accelerated creep than either of the 
four-ply sheets made of sheets of the same furnish. The average of the sum of the mixed- 
ply sheets to the sum of the pure-ply sheets is 1.18 with a standard deviation of 0.15. 
From our perspective (5,6), the added multi-ply heterogeneity caused enough extra load 
cycling to perceptibly augment accelerated creep. Incidentally, the multi-ply accelerated 
creep values are below the single-ply numbers because of their increased sorption times. 
When sorption time approaches the moisture cycling time, moisture cycling (and thereby 
load cycling) is attenuated in the interior of the sheet (5,6). 
Treatment in the Hobart mixer to attempt to microcompress the bleached kraft 
southern-pine fibers and hopefully to reduce anisotropy in the fiber response to moisture 
had little effect on accelerated creep. The average ratio of D to B accelerated creep is 
0.97 with a standard deviation of 0.09. Based on our modeling (5,6), there is a maximum 
in accelerated creep when it is plotted as a function of fiber anisotropy. If the stiffness 
anisotropy is too great, most of the load will always be carried by the stiffer element, and 
no load cycling occurs. If the heterogeneity is too small, then elements move together, 
and again there is no anisotropy-driven load cycling. It is hard to guess where on the 
accelerated creep vs. fiber anisotropy curve the untreated and microcompressed samples 
lie, and it is hard to predict which should be larger. 
SUMMARY 
We were able to produce handsheets of different furnishes having different 
hygroexpansivities and different accelerated creeps. Blends of the furnishes produced 
samples of intermediate hygroexpansion and accelerated creep. We therefore believe that 
blending of fiber types will have neither a corrupting nor a salutary influence on 
accelerated creep. However, we predict that multi-ply sheets of furnishes with different 
hygroexpansivities will experience exacerbated accelerated creep. Papermakers should 
consider degradation of product performance in cyclic humidity environments when they 
produce multi-ply products. 
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